Ultra-light hidden-photon dark matter produces an oscillating electric field in the early Universe plasma, which in turn induces an electric current in its ionized component whose dissipation results in heat transfer from the dark matter to the plasma. This will affect the global 21cm signal from the Dark Ages and Cosmic Dawn. In this work we focus on the latter, in light of the reported detection by the EDGES collaboration of an absorption signal at frequencies corresponding to redshift z ∼ 17. By measuring the 21cm global signal, a limit can be placed on the amount of gas heating, and thus the kinetic mixing strength ε between the hidden and ordinary photons can be constrained. Our inferred 21cm bounds on ε in the mass range 10 −23 eV mχ 10 −13 eV are the strongest to date.
Dark matter remains an elusive ingredient of ΛCDM, the concordance cosmological standard model. Despite various convincing measurements attesting to its cosmic abundance [1, 2] , its makeup remains a puzzle. In recent decades, limits on models involving weakly-interacting massive particles (WIMPs) [3] have been constantly tightening [4] [5] [6] , increasing the motivation to explore alternatives such as axions [7] [8] [9] [10] , sterile neutrinos [11] , and various types of massive compact objects [12] [13] [14] [15] .
Ultra-light hidden photons provide an appealing candidate for dark matter. These are (light) massive vector bosons that arise naturally in many theoretical setups, and which generically interact with the Standard Model (SM) through kinetic mixing with the ordinary photons. In principle, the allowed parameter space in coupling and mass is enormous, but the interaction with SM photons opens up potential observational windows to probe them.
One of the most promising such windows in the history of the Universe is the Cosmic Dawn era-the period where the first stars were born-which is accessible through the observation of the 21cm global signal. As this epoch marks the time where the average baryon temperature was at its lowest, it provides a unique opportunity to probe possible interactions between baryons and dark matter, which under ΛCDM is much colder.
Excitingly, the Experiment to Detect the Global Epoch of Reionization Signature (EDGES) [16] recently reported a detection of an absorption profile centered at 78 MHz (corresponding to redshift z ∼ 17 if due to 21cm line emission from neutral hydrogen), with a best-fit amplitude more than twice the maximum allowed in ΛCDM. While explaining the depth of this profile is challenging, this measurement can be used as a test of various dark matter models which predict heating of the baryonic gas (which would reduce the absorption amplitude) [17, 18] .
Ultra-light hidden-photon dark matter (HPDM) has been shown to produce plasma heating as a result of its coupling to the SM electric current [19] . In this scenario, the HPDM has a mass m χ , while its coupling to the SM electric current is achieved via kinetic mixing between the HPDM and the SM photon. Following the notation of Ref. [19] , the Lagrangian can be written as
where A µ and F µν (Ã µ andF µν ) are the gauge field and field strength of the ordinary (hidden) photons, and ε in the last term parameterizes the kinetic mixing strength. The HPDM mass m χ has to be compared to the effective SM photon mass in a given medium, which is set by its plasma frequency ω p . If m χ is larger than ω p , then very efficient conversion of the HPDM into regular photons could have taken place in the early Universe, leading to either depletion of dark matter or a strong imprint on the cosmic microwave background (CMB) spectrum [20] .
In this Letter we focus mainly on the alternative case where m χ < ω p . The HPDM field on scales of the size of its de Broglie wavelength can cause an associated oscillating electric field which as a result will induce a SM electric current. That current will be damped as the intergalactic medium (IGM) has non-zero resistivity. This mechanism can transfer energy from the dark matter to the ionized plasma, heating it up, and in turn can affect the absorption of CMB photons in the hydrogen gas, which is observable through the 21cm brightness temperature contrast. While the ionized fraction of the gas at cosmic dawn is low, we demonstrate that the effect on the 21cm signal is strong enough to place the strongest limits on this model to date in the ultra-light mass regime.
The IGM plasma frequency at Cosmic Dawn is [21] ω p = 4πn e α m e = 1.7 × 10 −14 n e 2 × 10 −7 cm −3 1/2 eV, (2) where the number density n e of free electrons is strongly dependent on the exact redshift, and the value n e = 2 × 10 −7 cm −3 corresponds to redshift z 17, matching the central frequency 78 MHz of the anomalous absorption signal recently reported by EDGES [16] . For redshifts in the range z = 13 − 20, relevant for the expected era of Cosmic Dawn, the value of n e varies and can be up to a factor of two higher at z = 20 and a factor of two lower at z = 13. This change is mainly due to the average number density of hydrogen atoms changing by a similar factor (with the ionization fraction x e changing only by 10% during that time). As we shall see, it is imperative to track the redshift dependence of ω p , as it can fall below the HPDM mass m χ in the redshift range between baryon-photon decoupling and Cosmic Dawn, thereby abruptly weakening the baryon heating effect.
To calculate the heating rate of the plasma due to the HPDM field, we follow the treatment of Ref. [19] . The induced motion of electrons and ions in the plasma results in collisional friction. The collision frequency is given by
Taking as a reference temperature for T e that of the baryons one gets that the electron-ion collision frequency is reduced for decreasing redshifts from 2.5 × 10 −22 eV at z = 20 to 2 × 10 −22 at z = 17, and to 7 × 10
at z = 13. This means that the heat transfer due to the friction term associated with these collisions is faster at earlier stages (assuming reionization of the gas by radiation from the first stars and galaxies can be neglected).
The dissipation of the induced oscillation in the plasma is described by γ χ , the imaginary part of the oscillation
In addition to the m χ ω p case, we include here also the opposite scenario of m χ ω p . While Eq. (4) is strictly valid only at these extremes, we will naively connect the two regimes to study the full (m χ , ε) parameter space.
The resulting heat transfer rateQ b from the HPDM field to the early Universe plasma is then given bẏ
where ρ χ is the energy density of the HPDM. In order to calculate the effect of this heating term, Eq. (5), on the 21cm brightness temperature, it must first be properly incorporated in the evolution of the baryon gas temperature, which includes other heating and cooling mechanisms [22] . We describe this calculation next.
The 21cm brightness temperature contrast with respect to the CMB temperature T CMB is given by [23] [24] [25] 
where τ is the optical depth for the hyperfine transition, T * = 0.068 K is the energy difference between the two hyperfine levels, A 10 is the Einstein-A coefficient of the
temperature of the gas, which parameterizes the ratio between the populations of the hyperfine triplet and singlet states.
As the processes that determine the spin temperature involve large astrophysical uncertainties, there is no exact prediction for the signal, Eq. (6), during Cosmic Dawn. Different astrophysical models yield values in the z = 13 − 20 redshift range that differ by more than an order of magnitude [26] 
where H is the Hubble parameter and Γ C is the Compton interaction rate, which depends on the free-electron density n e and on x e = n e /n H , the free-electron fraction. We solve for x e (a, T b ) in tandem with Eq. (7) [22, 25] . We note that for ε 1, as we study here, the third term in Eq. (7) is ∼ 10 20 ε 2 K for m χ = ω p at redshift z = 17. This already gives us a rough estimate that to avoid any heating ε should not exceed O(10 −10 ) at m χ ∼ 10 −14 eV. The evolution of the baryon temperature in the presence of heating by HPDM is shown in Fig. 1 . We show in solid lines the temperature evolution of the CMB and of the baryons under ΛCDM, from recombination to the end of Cosmic Dawn. The baryon temperature at z = 17 is roughly T b ∼ 8 K. Dashed lines show the heating effect on the baryons, for HPDM masses in the two regimes described above, with ε chosen to yield T b ∼ 10 K.
We see that for low masses, m χ 10 −14 eV, the heating is monotonous, increasing with time. If the kinetic mixing parameter is large enough, this can lead to non-negligible heating of the gas. In the other regime, m χ 10 −14 eV, the heating is effective so long as the plasma frequency remains larger than the HPDM mass. Once it falls below it (which happens at different redshifts for different masses), the heating significantly weakens and the baryons again cool due to the Hubble expansion.
Combining Eqs. (5), (6) and (7), we show in Fig. 2 a map of the 21cm brightness temperature in the (ε, m χ ) parameter space. The behavior with respect to the HPDM mass can be understood from Eqs. (4) and (5). On the two sides of m χ ∼ 10 −14 eV, the slopes of the contours are approximately opposite. For that mass a kinetic mixing strength of ε ∼ 10 −8 would be enough to erase any absorption signal at Cosmic dawn (if one increases ε, at some point the signal will be in emission). These results can be used to derive constraints on ε, in light of the strong absorption signal of EDGES [16] . We note, though, that its amplitude, T 21 (z ∼ 17) = −500 +200 −500 mK (at 99% confidence), lies well below (roughly 3.8σ) the expectation from ΛCDM. If confirmed, this makes the placing of bounds on any gas heating mechanism nonstraightforward, as it may require some cooling which would also have to be compensated for 1 . We will follow here the simple approach of Refs. [17, 18] , and set our bounds to correspond to heating strengths that would yield a 21cm brightness temperature of T 21 = −100 mK (or −50 mK) in the limit of infinite Lyman-α coupling, which as explained above, would otherwise (under ΛCDM) yield an amplitude T 21 ∼ −200 mK.
This requirement leads to the limits shown in Fig. 3 . The solid (dashed) black lines correspond to the limits inferred from requiring T 21 = −100 mK (T 21 = −50 mK). The figure also shows competing limits from two different sources: observed interstellar medium (ISM) gas clouds in the Milky Way (MW), and the CMB. The heating of gas clouds in the MW follows the same principles as the IGM heating we have described here. Ref. [19] calculated this heating rate (at redshift z = 0) and by requiring it to be smaller than the observed cooling rate in the MW ISM, derived strong constraints on ε that are competitive with the CMB for masses m χ 10 −11 eV and extend well into the ultra-light regime, all the way to m χ 10 −20 eV, see Fig. 3 . It would be interesting to compare these with constraints from IGM heating at higher redshift, based on the Lyman-α forest (see Ref. [44] for a similar analysis).
Meanwhile, the are several effects that HPDM could have on the CMB if its mass is higher than the effective mass of the ordinary photons, which is set by the plasma frequency. First, if resonant conversion of hidden photons to ordinary photons occurs at high redshift, before recombination, this would change the relative number of neutrinos and baryons relative to photons, which in turn would decrease N eff , the number of effective neutrino degrees of freedom. This quantity is well constrained by Planck [45] (and one could moreover impose consistency between the Big-Bang nucleosynthesis and CMB measurements [46, 47] ). A second observable effect is spectral distortions caused by the photon injection, in the form of chemical potential µ distortion or Compton-y distortion, depending on the timing of the HPDM energy dump. These two effects, however, are only efficient in constraining HPDM with mass 10 −10 eV, which is still larger than the plasma frequency at redshifts z 1100.
The most dominant bound on the CMB in our mass range of interest comes from the simple requirement that the total depletion of hidden photons from recombination to the present day does not amount to a change in the dark matter energy density that would violate the agreement between the CMB power spectrum constraints and measurements of the average local DM density. This HPDM limit [20, 48] is shown in Fig. 3 (solid blue line) . CMB spectral distortion bounds restricting thermal pro- duction of hidden photons at the resonance extend to slightly lower masses [49] (dashed blue), but are weaker than the ISM limits. Masses lower than ∼ 10 −14 eV are smaller than the plasma frequency in the IGM today, rendering constraints from resonant conversion ineffective 2 . In conclusion, our derived bounds on ultra-light HPDM are the most stringent across roughly ten orders of magnitude, 10 −23 eV m χ 10 −13 eV. They are stronger than the competing limits by more than two orders of magnitude in the m χ 10 −13 eV mass range. Our bounds for 10 −23 eV m χ 10 −20 eV now place nontrivial limits on the vector version of fuzzy DM [52, 53] .
We note that astrophysical effects can play a role in setting the actual 21cm absorption amplitude, and disentangling them from the possible influence of dark matter may not necessarily be trivial. As shown in Refs. [25, 54] , neglecting additional sources of heating one can easily underestimate by factors of a few the minimum amplitude of DM-baryon scattering that could explain the anomalous EDGES signal. A more conservative approach to accommodate that would be to take T 21 = 0 mK when setting our bounds in Fig. 3 . Yet even in that case, the resulting bounds would weaken by less than an order of magnitude (see Fig. 2 for T 21 = 0 mK), and still remain significantly tighter than those in existing literature.
The ultimate 21cm probe of models such as HPDM will be the 21cm power spectrum [55] , which can provide 2 The gas heating we consider in the smaller HPDM mass regime can also affect the CMB power spectrum through the change it induces in the ionization fraction [50, 51] , but this effect is small.
additional constraining power to the global signal, and also be used to distinguish between different sources of heating based on their spectral contribution [31, 56] 3 . Fortunately, many experiments are in pursuit [58] . The Cosmic Dawn 21cm signal has yet to lend its final word.
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